Abstract: We report on the generation of mode-locked dissipative soliton pulse from an allfiber ytterbium-doped fiber laser based on nonlinear polarization rotation without dispersion compensation or an additional filter. The formation of the dissipative soliton pulse is a selfconsistent result of various effects in the laser cavity, including positive fiber dispersion, nonlinearity, cavity transmission, and gain saturation and narrowing over one cavity round trip. Stable mode-locked pulses with pulse energy of 1.1 nJ have been achieved, which is restricted by the available pump power. For comparison, an all-normal-dispersion fiber laser with filter is also constructed by simply incorporating a section of polarization-maintaining fiber. The results indicate that the dissipative laser without a filter has a simpler configuration but better performance such as broader spectral bandwidth and resistance to the multiple pulse state. The operation of the dissipative soliton lasers without an additional filter has been numerically simulated, which confirms the experimental results.
Introduction
Passively mode-locked fiber lasers have been intensively investigated owing to their potential in realizing reliable and cost-effective ultrafast light sources. The soliton can be generated from a passively mode-locked fiber laser operating in anomalous group velocity dispersion (GVD) regime, as the positive (self-focusing) nonlinearity is balanced by anomalous GVD. However, the pulse energy is restricted by the soliton area theorem and spectral sidebands to $0.1 nJ [1] . In the last decade, several new fiber laser configurations have been demonstrated that allow major increases in the pulse energy. Much greater energies can be obtained from the stretched-pulse mode-locked laser with segments of normal and anomalous GVD fibers [2] . The net positive dispersion fiber laser emitted self-similar parabolic pulses with energy more than twice that of solitonlike pulses [3] . Recently, mode-locked laser operations with large net normal GVD have been actively investigated to achieve higher pulse energies directly from a laser oscillator [4] - [7] . Especially, Zhao et al. demonstrated a passively mode-locked erbium-doped fiber ring laser made of purely normal dispersive fibers, which generated a so-called gain-guided soliton [8] . Oktem reported an erbium fiber laser in which the mode-locked pulse evolves as a similariton in the gain segment and transforms into a regular soliton in the rest of the cavity [9] . However, as the ytterbium-doped fiber (YDF) lasers have broader gain bandwidth and larger gain saturation power than an erbium-doped fiber laser, it is not easy to show the gain limiting effect. Prochnow et al. presented a similariton ytterbium fiber laser without dispersion compensation mode-locked with a saturable Bragg reflector along with nonlinear polarization evolution [10] . Chong et al. reported a mode-locked ytterbium fiber laser in which pulse shaping was dominated by spectral filtering of a highly chirped pulse in the cavity [11] . In such lasers, the spectral filter is indispensable for achieving stable mode-locking operation [12] , [13] . Pulse shaping is based on the amplitude modulation of a highly chirped pulse in the cavity by a birefringence filter [14] . However, the requirement of saturable Bragg reflector or spectral filter in the laser cavity always breaks the all-fiber structure of the laser. Moreover, the filter insertion results in laser operation with limited bandwidth, which restricts the obtainable short pulse width and high pulse energy.
In this paper, we report the dissipative soliton operation of a YDF ring laser without dispersion compensation and an additional filter that is passively mode-locked by nonlinear polarization rotation. The formation of the dissipative soliton pulse is a self-consistent result of various effects in the laser cavity. The spectral broadening resulting from the normal GVD and nonlinear phase accumulation is balanced by gain saturation and narrowing. In comparison with the all-normal-dispersion fiber laser with filter that is reconstructed by simply incorporating a section of polarizationmaintaining fiber (PMF), the dissipative soliton operation of the fiber laser without a filter is susceptible to the laser cavity length, i.e., net cavity dispersion. The dissipative laser without filter demonstrates simpler configuration but improved output performance in several aspects. Furthermore, numerical simulations of the lasers are in good agreement with the experimental results.
Experiment Setup
The configuration of our passively mode-locked fiber ring laser is shown in Fig. 1 , which is a typical scheme for passive mode-locking through nonlinear polarization rotation. The laser cavity consists of a 2-m YDF with a GVD of À60 ps/nm/km. A 980/1060-nm-wavelength-division multiplexer (WDM) couples the 980-nm pump lasing with the YDF. A polarization-dependent isolator (PDI) with fiber pigtail is utilized both to ensure the unidirectional operation and to act as a polarizer, which is sandwiched by two polarization controllers (PCs) to control cavity polarizations. To investigate the dynamics of the soliton evolution in the cavity, two fiber output couplers are purposely introduced in the laser. A 30:70 coupler as output port 1 is located between the YDF and the PC1, and another 10:90 coupler as output port 2 is located after the PC2. Besides the YDF, the other fibers (3.6 m), including the tail fibers of each element and twisted fibers in the PCs, all are single-mode fiber with a GVD of approximately À38 ps/nm/km at 1060 nm. The calculated total cavity dispersion is 0.157 ps 2 .
Results and Discussion
Although there is no dispersion compensation element and additional chirp-filtering filter in the laser to compensate the positive fiber dispersion, a stable chirped pulse could still be formed in the laser. Fig . 2 shows the output characteristics of a typical mode-locked dissipative soliton state obtained at a pump power of 226 mW. Fig. 2(a) is the spectrum from the two output ports on a logarithmic scale, and Fig. 2(b) is the spectrum from output 1 on a linear scale. We can see that the spectra exhibit steep edges, which is the typical feature of all-normal-dispersion laser. The spectral edge-to-edge bandwidth is 14.2 nm. Fig. 2(c) shows the corresponding autocorrelation traces. If a Gaussian pulse profile is assumed, the pulse durations are 10.6 ps, which gives a time-bandwidth product of 40.3. The fundamental repetition rate of the laser is 34.3 MHz, and the RF spectrum with a 70-dB sideband suppress ratio is shown in Fig. 2(d) . It is noted there are only negligible differences of the spectrum profile and pulse width between output port 1 and output port 2. However, the pulse intensity changed dramatically between the two output ports. This is due to the function of the polarizer, which can shape the chirped pulse by shortening the spectrum and pulse. The output dissipative soliton with large chirp can be compressed outside the laser cavity. Fig. 3 shows the autocorrelation trace of the dechirped pulse by using a pair of diffraction gratings with an anomalous dispersion of À0:96 ps 2 . The dechirped pulse has an autocorrelation width of 253 fs, corresponding to a pulse width of 179 fs.
Experimentally, we have also investigated the effect of the pump power and the polarization orientations on the pulse performance, as shown in Figs. 4 and 5. From Fig. 4 , it is found that the edge-to-edge width of the spectra became broader with the increasing pump power, owing to the self-phase modulation becoming stronger under higher pump power. It suggests that the laser can tolerate strong chirp. The threshold pump power for the mode-locked dissipative soliton pulse is about 137 mW. Fig. 5(a) shows the laser output power against pump power. The attained maximum average power form output port 1 is 37.7 mW, limited by the available maximum pump power of 300 mW. The corresponding pulse energy is 1.1 nJ. In fact, the pulse energy of the dissipative soliton can increase to a very large value without pulse breaking [15] . In contrast to Fig. 4, Fig. 5 shows that the pulse spectra, including spectral profile, center wavelength, and bandwidth, all have great discrepancies as the polarization controllers have been adjusted. However, it still preserves the general characteristics of all-normal-dispersion laser. This could have been the result of the change of the cavity transmission, including the wavelength with maximum transmissivity and the transmission bandwidth, which is polarization dependent. Afterward, keeping other elements unaltered, we lengthen and cut down the single-mode fiber (SMF) before the YDF little by little to validate in what range the dissipative soliton can exist. It is found that the dissipative soliton pulse cannot be obtained if the excessive SMF (9 0.5 m) is lengthened and cut away. This could be the reason that the dissipative soliton had not been observed in the previous all-normal-dispersion ytterbium fiber laser without dispersion compensation and a spectral filter. Therefore, from the pulse performance in the cavity, effects of the gain and cavity transmission on the soliton shaping of the pulse become evident. The self-consistent result of the positive fiber dispersion, nonlinearity, cavity transmission, and gain saturation and narrowing leads to the formation of the dissipative solitons.
In order to emphasize that the present all-normal-dispersion fiber laser does not include an additional filter, an all-normal-dispersion fiber laser with a filter is constructed just by inserting a section of PMF into the laser cavity [16] , like the part surrounded by the dashed square box shown in Fig. 1 . The PMF and the polarizer can constitute an in-line fiber filter. Fig. 6 shows an example of Fig. 4 . Optical spectrum evolution with the increasing pump power. 
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Dissipative Soliton Ytterbium Fiber Laser a typical dissipative soliton spectrum obtained in fiber laser with 18 cm PMF, corresponding to free spectral range of 16 nm. The edge-to-edge spectral width is 11.5 nm. As we can see, the spectrum obviously exhibits the modulation effect of the periodic filter, with subpeaks on both sides of main lasing spectrum. The significant difference between fiber lasers with a filter and without a filter lies in the effect of SMF length change on the laser operation. In contrast with the previous results without a filter, in a fiber laser with a filter, a dissipative soliton can be always obtained in spite of the SMF length. This means that net dispersion is not a key factor, because the filter plays the crucial role of amplitude modulation for mode-locked pulse generation. However, in the fiber laser without a filter, the dissipative soliton formation mechanism is the comprehensive result of various effects. The balance will be restructured, and even destroyed, if one factor is altered. An obvious disadvantage with the dissipative laser incorporating a filter is its tendency toward a multiple-pulse state under large pump power or polarization change. This is due to the pulse energy in the laser with filter being restricted by the limited filter bandwidth.
To further understand the formation mechanism of the dissipative soliton, we numerically simulated the laser based on the Ginzburg-Landau equation with the similar parameters as the experiment. The gain profile of the ytterbium fiber is settled as the gauss distribution with the center of 1060 nm, the small signal gain parameter g 0 is 3 m À1 , gain bandwidth g is 45 nm, and gain saturation energy E sat is 1 nJ. Fig. 7(a) shows the numerically simulated pulse spectrum on a linear scale, and the inset shows the corresponding spectrum on a logarithmic scale, which both evidently exhibit steep edges. Fig. 7(b) shows the numerically simulated pulse profile and nearly linear frequency chirp across the pulse. In the fiber laser without the negative dispersion component, the pulses circulating in the cavity with large positive chirp have low peak power and, therefore, lower nonlinearity, which results in nearly linear frequency chirp.
Conclusion
In conclusion, we have both experimentally and numerically demonstrated the dissipative soliton operation in a YDF ring laser made of purely positive GVD fibers without an additional filter. Selfstarted mode locking can be achieved by nonlinear polarization rotation. The complementarity between the cavity transmission, gain saturation, and narrowing with the positive dispersion and nonlinearity leads to the dissipative soliton formation in the all-normal-dispersion laser. The dissipative soliton operation is confirmed by the numerically simulated results. Stable mode-locked pulses with a pulse energy of 1.1 nJ have been achieved, which can be increased to a very large value without wave breaking. By comparing the fiber laser without a filter and the one with a filter, it can be concluded that the dissipative soliton operation in the fiber laser without an additional filter can only be obtained within a limited range of the net cavity dispersion. Moreover, with a simpler configuration, the dissipative laser without an additional filter will produce improved performance in several aspects, such as broader spectral bandwidth, resistance to multiple pulse state, and, thus, larger pulse energy.
